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FACTUAL DATA 

EQUIVALENT CIRCUIT CONSIDERATIONS 

Introduction 

A t heo re t i ca l  expression f o r  NEP (noise equivalent power) has 

been obtained using a sinusoidal source of energy and assuming pa- 

rameters i n  the equivalent c i r m i t  t o  be l i n e a r  elements. The equiva- 

l e n t  c i r c u i t  w a s  expressed i n  terms of an i d e a l  voltage generator. 

Because it is  somewhat more informative, an i d e a l  current generator 

representation of the equivalent c i r cu i t  i s  used i n  this report. 

The analysis  f o r  sinusoidal modulation is  reviewed and extended 

and the  analysis f o r  square wave modulation i s  given. 

Sinusoidal Modulation 

Conducting 
electrodes 

Figure 1, Representation of a pryoelectric detector  crystal .  
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Figure 1 depicts  a spontaneously polarized material  with 

electrodes of area A on the faces, f o m n g  a capacitor Cx with con- 

ductance G,, To a good approximation, the  current through the 

material i s  given by 

i = GxVb -k aF (cxvb t DS) p 

where 

i = current i n to  the sample 

G, = conductance of the sample 

vb = voltage across the sample 

C, = capacitance of the  sample 

P, = space average of the spontaneous polarization of the 
sample 

A = area of sample, 

Figure 2, Equivalent circuit of a pyroelectric crystalo 
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and where a parallel p l a t e  configuration has been assumed. 

l e n t  c i r c u i t  f o r  equation (1) i n  terms of an i d e a l  current generator 

i s  shown i n  Figure 2 ,  where the current generator produces a cursent 

The equiva- 

If a constant radiat ion in tens i ty  Io i s  modulatsd sinusoidally 

so that the in t ens i ty  s t r ik ing  the sample uniformly i s  given by the 

real part of 

then from Appendix A the  steady-state solution f o r  P (the temperature 

of t he  sample r e l a t ive  t o  i t 8  environment) is 

‘phe symbols of equation (3) are defined i n  Appendix A. 

have a time constant e q d  t o  % / R / B .  From equation (3) the time 

average temperature of the sample relative t o  its surroundings i s  

The t rans ien ts  

T+, = (aIo)/(2.B). (4) 

Different ia t ing equation (3) and using the definition f o r  ix gives 

Thus &X 18 a sinusoidal current with amplitude 
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Putting a capacitive impedance across the  output of the  detector 

(see Figure 3) gives a sinusoidal s ignal  voltage across the external 

impedance whose amplitude i s  given by 

where 

G = Ge t G, 

c = c, + c,. 
Using equation (7) and the def ini t ion f o r  responsivity R gives 

dPS 
vso - dT R =  - -  0 

&,A (21 €3 4- ~ w c p p R l  1 t B G  + jwo 
The Johnson noise voltage will be 

- &=G , 
'n - G + JuC 

and from equations (8) and (9) the  NEP i s  given approximately by 

(9 )  

dT 

Or" 

From equation (10) and the def ini t ion of  specif ic  de tec t iv i ty  D*, 

one has  



Typical experimental values for (B/cppL) have been 

0.2 sec-' A B / ( C ~ A ~ )  A 2 sec'l. (12) 

I A A - n 1 Y 
I 

Figure 3. Equivalent c i r c u i t  of pyroelectric detector with capacitive 
external  impedance. 

It therefore follows t h a t  for&?-20 sec-', very good approximations 

t o  NEP and D* a re  

NEP= 2 c p h  &G (a %)-'and 
d t  

a 3 6  
dT IF= 

2 
I respectively. 
1 
I Limitation on Incider& In tens i tp  
~ 

I 
I Using the tnical values for B T i O 3  detectors constmcted 

thus far i n  this laboratory, namely 

B / ( C ~ B  ) = 1 sec -1 

-1 oc-1 = 0.5 joule  gm 3 = 6.0 gm cmo3 
a = 5(10)'3~, 
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it i s  found from equation (4) t h a t  the average elevat ion of  temperature 

above room temperature per u n i t  incident i n t ens i ty  i s  

(14) T *  1 
=: - = 3 3 0 ~  watt-'cm2, 

I0a 2B 

Therefore, i f  a BaTiO3 c rys t a l  i s  being used a t  room temperature (2OoC), 

the  intensi ty  required t o  r a i se  i t s  temperature t o  the Curie point 

(120'~) i s  
-1 2 aIoL (120OC - 2OoC)/(33OC w a t t  cm ) = 3 w a t t  

The resu l t  indicates  t h a t  such detectors can be u t i l i z e d  even with 

very intense radiat ion sources, since pyroelectric detectors  can be 

fabricated with very small areas, thus intercept ing a small f r ac t ion  

of the radiat ion from the sourceo 

usually pulse devices, and the l imi ta t ion  given here i s  calculated 

Intense sources (e,g. l asers )  are  

f o r a  modulated cw source of radiation. Much higher pulse i n t e n s i t i e s  

can be tolerated,  depending on the pulse duration and r e l a t ive  areas 

of the  beam cross section and the detector,  

Thermal Limitation of F 

If it is assumed that the conductance of the external  impedance 

i s  zero, the dependence of D# on sample geometry becomes rather simple, 

Thus, using 

and 
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equation (11) becomes 

*S a - WW 

When B i s  negligible it i s  seen that reducing the thickness improves 

W9 whereas as soon as B dominates, such a reduction has an undesirable 

effect. Calculated values have served t o  i l l u s t r a t e  c lear ly  that con- 

cern must be given t o  reducing the value of E. The sequence of calcu- 

l a t i o n s  was made as follows: 1) If B i s  negligible,  W becomes 
c 

1 

2) If B dominates, then 

Therefore the t r u e  Dw must l i e  between k* and D2* and the smaller of 

%* and Dz* WiU. be a good approximation t o  W e  

The results of calculations made from equations (17) and 

(18) appear i n  Table I. 

typ ica l  thickness of 5 x 10-3~1~ aad f o r  two values of B t h a t  represent 

The first two calculations a re  f o r  a current ly  

the end points of the range of experimental values u t i l i z e d  t o  date. 

In these cases) B is  dominant md F = I>,*. The third entry of 

Table I1 was obtained by adjusting the  thickness of the sample t o  

&e k* = 3 x lo9 ( a value chosen as a goal i n  future ef for t s ) .  

In  t h i s  case, it is seen that Dz* i s  reduced, indicat ing that B is 
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s t l l l  dominant. 

necessary t o  achieve a D* of 3 x 10 

The f i n a l  entry gives the  thickness and value of B 

9 

In a l l  the calculations of Table I typical  values of  BaTi03 

single c rys ta l s  have been u t i l i zed ,  vizs  

E !  = 300 

tanb = 1 

- @S = 2,5 x coul cm 
dT 

= Om5 joule gm P 

-2 oc-1 

-1 oc 
C 

P = 6.0 gm 

and the absorption coeff ic ient  a w a s  assumed t o  be unity. 

culations a re  intended as a guide only; they w i l l  vary with materials. 

They serve t o  point out the dependence of D++ on the sample thickness 

and effective thermal conductance. 

These cal- 

TABLE I 

EFFECT OF THICKNESS AND EFFECTIVE THERMAL CONDUCTANCE ON DETECTIVITY W 
I N  BaTi03 CRYSTALS 

B my D2* D++ 

5 10-3 30 867 x lo7 4.3 x IO6 4.3 x lo6 
5 10-3 3 8.7 x lo7 4.3 x lo7 4.3 x lo7 

4.1 x lom6 3 3 x lo9 2.4 x lo7 2.4 x lo7 
4.1 10-6 1.2 10-3 3 109 3 x 109 3 109 

SQUARE WAVE ANALYSIS 

The ana ly t ic  expressions f o r  T * ( t )  and s ignal  voltage when 

square wave modulation i s  used i s  given i n  Appendix C O  The main 
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fea tures  of the square wave analysis of course remain the same as  f o r  

t he  sinusoidal analysis. The average value of W(t )  i s  s t i l l  

Perhaps the  most important feature of this analysis i s  that it pre- 

d i c t s  various charac te r i s t ic  shapes f o r  the output signal which de- 

pend on the r e l a t ive  s i zes  of RC, ,k, c PR and 1". A l l  of t he  character- 
€3 

i s t i c  shapes have been observed qualitatively.  The charac te r i s t ic  

signal wave forms are presented i n  Figure 4. 

MATERIALS PREPARBTION 

The materials used i n  the previous report ing period were 

r e s t r i c t e d  t o  s ingle  crystal barium titanate, BaTi03. 

most of the measurements continued t o  concentrate on BaTi03;however 

I n  this period, 

several  addi t ional  materials were b r i e f ly  observed. 

include ceramic BaTi03 and single crystals  of lead t i t a n a t e ,  tri- 

glycine sulfate, and BaTiO3 doped with i ron  and yttrium. 

These materials 

SinPle Crystal Growth 

The techniques employed t o  g r o w  s ingle  c rys t a l  BaTi03  w e r e  

a modified version of the  Remeika' method i n  which the  crystals are 

grown from a flu of KF', which i s  poured of f  during the  cooling 

portion of the  process. Maximum furnace temperature during the  

f i r i n g  cycle was l150°C. The charge was cooled a t  about 6 t o  25OC/hr 

t o  1O2O0C, a f te r  which it was cooled at furnace r a t e  t o  room tempera- 

ture. 

1 J. P. Fkmeika, J. Am, Chem. Sot, 3, 940(1954). 
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T =  4RC 

T =  2 0 R C  

T > > l O R C  

Figure 4. Characteristic wave forms observed using 
square wave modulation. 
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Single c rys t a l s  of t r ig lyc ine  su l fa te  a (NH$H$OOH) 3oH2SO4 

have been prepared by growth from aqueous solutions, 

s u l f u r i c  acid were dissolved i n  water t o  form a saturated solution, 

from which seed c rys t a l s  w e r e  obtained by allowing the solvent t o  

evaporate. 

i n  s t i r r e d  solutions. 

been prepared using this technique, 

Glycine and 

Selected seeds w e r e  placed on copper rods and suspended 

Large c rys ta l s  about one inch 011 an edge have 

Crystals of BaTi03  doped with 0.1 mole percent of Y 9 3  have 

been g ram from the flux and sent t o  us from the Sperry Rand Research 

Center, SudburyB Massachusetts. 

percent F e 9 3  have been prepared a t  Clearwater using the  Remeika 

technique previously described. 

BaTi03 c rys t a l s  doped with 0.025 

Premrat ion and Mounting of Crystals 

Clystals of &Ti03 t o  be used as pyroelectric detectors  have 

been prepared according t o  the  following procedure: 

The c rys t a l s  are removed from the crucibles by washing gently 

with hot water, which dissolves away the KF' flux. 

then etched i n  phosphoric acid a t  l40-15O0C f o r  about a half hour. 

Sometimes this i s  followed by poling t h e  crystals using l iqu id  elec- 

trodes,  a f t e r  which they a re  etched at room temperature. 

cedure produces c lear ly  v is ib le  domain patterns,  

the  c rys t a l s  are washed with deionized water a f t e r  the high tempera- 

t u re  etch, 

another r inse  i n  deionized water., 

The c rys t a l s  a re  

T h i s  pro- 

More frequently, 

This i s  followed by a r inse i n  clean e thyl  alcohol and 

Af ter  the crys ta l s  a re  dried they 



are ready f o r  application of electrodes. 

The c rys ta l s  a re  electroded by evaporation of gold o r  aluminum 

onto the i r  surface. 

the  crystal  except the  area t o  be coated, Usually the  surface o f  the  

crystal  i s  cleaned fu r the r  by ionic  bombardment i n  the vacuum sjstemo 

The metal i s  then evaporated onto one surface of the c rys t a l  t o  a 

thickness o f  about 300x0 

This i s  accomplished i n  a vacuum by masking a11 

A small square of  circuit .board i s  prepared t o  serve as a n o m t  

f o r  the crystal .  

Cu s t r ip s  down the s ides  as shown i n  Figure 5* 

the center of the board, 

two 3000A gold s t r i p s  have been evaporated i s  attached t o  the back of  

the  board, 

aluminum wires as shown i n  Figure 60 

crystal  i s  then attached t o  the gold s t r i p s  on the glass  with s i l v e r  

paste. This configuration i s  seen i n  Figure 7, The c rys t a l  i s  then 

poled by applying l iqu id  electrodes (LiC1 and H2O) on the  unplated 

face of  the crystal., 

i s  applied t o  the l iqu id  electrode, 

w i l l  normally pole a good crystal .  

under a microscope using polarized l ight .  

i s  obtained, the l iqu id  electrode i s  washed o f f  and the c rys ta l  i s  

electroded on the remaining surface by vacuum evaporation, 

The board consists of a 1" square of  bakeli te with 

A c i rcu lar  hole i s  i n  

A 10 m i l  th ick piece of  glass  onto which 
0 

The gold s t r i p  i s  connected t o  the coppe? stri'ps with 

One electroded surface of the 

The copper s t r i p s  are  grounded and d.c. voltage 

Fields  up t o  12,000 t o  15,000 v/cm 

The poling process i s  observed 

When complete polarization 



Contact to the top electrode is accomplished by attaching 

aluminum wire to the electroded surface and the copper strip. 

mounted sample can then be elipped into two terminal posts which hold 

it rigidly in position for meamments. 

finished sample is shown in Figure 8. 

The 

The configuration of the 

More recently the crystals mounted on boards have been placed 

in a new holder, designed to permit a rigid mount capable of heating 

the crystals uniformly to temperaturesup tp 2OO0C while measurements 

of the detector properties are in progress. 

mount is given in the next section. 

A description of the 

MEASUREMENT APPARATUS 

The apparatus used in the measurements for this reporting 

period was designed and assembled to accomplish the determination of 

NEP on a variety of pyroelectric crystals at modulation frequencies 

of 15, 90, 154, and 824 cps using radiation in the optical and ne- 

infrared regions. It was further necessary that the temperature of 

the crystals be capable of continuous variation from ambient to 

temperatures above 122OC while NEP measurements were made. 

These conditions were satisfied by use of the apparatus 

shown schematically in Figure 9, which is a modification of that used 

in the earlier reporting period, The source was, for measurements 

in the optical region, a continuous wave He-Ne laser, radiating at 

0.63 microns. For measurements in the infrared region, a black body 
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Figure 5 
Bakelite Mounting Board 

SILVEII PAS’rE 

GOLD TO GOLD 
...... ...... SOLDER ...... ...... 

CRYSTAL GOLD 
PLATED 

ON BACK 
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Figure 7 
Crystal i n  Posit ion 
f o r  Poling 
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Figure 6 
Glass Pla te  with Conducting 
Gold S t r ips  Attached t o  Mounting 
Board 

SILVER PASTE 
SOLDER 

/ W I R E  TO GOLD 
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Figure 8 
Completely Mounted 
Crystal 
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source a t  1000°C used a s  a broad source peaked a t  2,26 microns 

and was a l s o  used i n  conjuction with a bandpass f i l t e r  centered a t  

3 microns. 

thwarted because vendors were not able t o  produce the  necessary f i l t e r  

as  expected, 

Earl ier  plans t o  include measurements a t  15  microns were 

A l l  modulation was accomplished by mechanical shutters,  

The c rys ta l  holder i s  depicted i n  Figure 10, It i s  a hollow 

s ta in less  s t e e l  cylinder which stands on an opt ica l  bench., 

vides a heater c o i l  around the region of the c rys ta l ,  i s  monitored by 

a thermocouple i n  the same region, and i s  supplied energy from a 

storage battery., 

( for  use with present BaTi03 crystals)  a high input impedance, 

i s  effectively accomplished using a f i e l d  e f f ec t  t r ans i s to r  i n  the 

c i r cu i t  shown i n  Figure 11. 

It pro- 

The preamplifier i s  required t o  have l o w  noise and 

This 

The tunable voltmeter i s  an innovation recently introduced., 

It  consists of a wide range microvoltmeter and a tunable, var iable  Q 

Ei l ter .  

a t  a modulating frequency of 1 5  cps- 

The f i l t e r  i s  capable of r e s t r i c t ing  bandwidths t o  0,8 cps 

Calibration of laser in tens i ty  was accomplished by using a 

Reeder thermopile cal ibrated against  the standard black body source. 

EXPERIMENTAL RESULTS 

Noise Eauivalent Power 

A tabulated summary of r e su l t s  o f  measurements o f  NEP on 

typical samples of each var ie ty  of c rys ta l  is shown i n  Table 11, 



STAINLESS HEATER LEADS 
STEEL 
\ 

BNC 
BULKHEAD 2/ JACK I / /  / I  I \  \ \ l  

POTTED SURFACE w 

THERMOCOUPLE 

WINDINGS 
1 3 6 A  

Figure 10. Details of c rys t a l  mounted i n  holder. 

P 
DRAIN 

N ,n 

TEXAS INSTRUMENT 
2N2500 

FIELD EFFECT - TRANSISTOR - 

9v 

396A 

Figure 11. Circui t  diagram of preamplifier employing a 
f i e l d  e f f ec t  t ransis tor .  17 
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On most of' the  materials,  measurements were made a t  modulating fre- 

quencies of 15, 90, 154, and 824 cps, with radiat ion a t  0.63, 2.3, 

and 3 microns. 

through the 3 micron f i l t e r  t o  permit a measurement. Some of  the 

mater ia ls  measured a t  the end of the program were only considered 

a t  a s ingle  frequency with the black body source. 

In  some cases, sufficient in tens i ty  w a s  not available 

Excessive values of NEP observed a t  a modulating frequency of 

90 cps were due t o  &-cycle contributions t o  the noise spectrum. Con- 

s iderable  e f f o r t  was made t o  minimize pick-up by use of shielding, but 

with on ly  l imited success. 

i s  not as good as t h a t  measured with the  black body. 

t o  the noise associated with the modes of the l a s e r  beam, i.e., the 

continual switching of energy between modes of the laser results i n  

noticeable in t ens i ty  var ia t ion a t  frequencies up t o  1000 cps. 

NEP measured with the l a s e r  a t  0.63 microns 

This i s  a t t r ibu ted  

The best value of NEP observed on pure BaTiO3 w a s  about 

3 x lo4 vatts/cps*. It was found tha t  blackening of a BaTi03 c rys t a l  

with aquadag produced an improvement i n  r e spons id ty  (and consequently 

i n  NEP) of a f ac to r  o f  30 percent. 

The samplssof PbTi03 tes ted  were prepared from large cubes, 

about 50 mils on a side.  Such configurations are  known t o  be slow 

i n  thermal response and the r e su l t s  indicate NEP about 2 orders of 

magnitude below that of the th in  BaTiO3 samples. 

A sample of t r ig lyc ine  sulfate was obtained and measured j u s t  

p r ior  t o  the end of this reporting period. I n i t i a l  measurements 
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reveal NEP s l igh t ly  be t t e r  than BaTiO3, However the TGS used i n  t h i s  

case was not cloven so  tha t  the polarization was perpendicular t o  the 

crystal  face, 

of BaTi03 (see next section) , 

The responsivity of TGS was s t r ik ingly  la rger  than tha t  

A few measurements were made t o  determine the improvement per- 

mitted by using lower modulating frequencies, 

it w a s  found t h a t  a f ac to r  of 3e2 improvement i n  NEP i s  obtained i n  

going from 15  t o  10 cps9 the lower l i m i t .  of the measurement apparatus, 

With a BaTi03 sample, 

Measurements were made on several  samples of ceramic BaTi.03, 

These were found t o  be very insensi t ive,  about two orders o f  magnitude 

below the single c rys t a l  values, 

d i f f icu l ty  i n  obtaining suf f ic ien t  polarization i n  the polycrystall ine 

material. Further investigations of ceramics were omitted i n  t h i s  

period, 

This i s  assumed t o  be due t o  the  

Responsivits Measurements 

Responsivity, the voltage a t  the c rys ta l  per  v a t t  o f  radiation 

irzcident on the c r y s t a l ,  i s  determined from the data observed i n  

measuring the noise equivalent power, provided the gain o f  the ampli- 

f i e r  system i s  known, 

single c rys ta l  samples were i n  the  neighborhood of 5 t o  10 volts/watt 

a t  chopping frequencies o f  15  cpss about 1 volt/watt a t  90 cps, about 

0.5 volts/watt a t  154 cpsr and about 0.1 volts/watt a t  824 cps. 

significant difference was observed i n  materials t h a t  were doped, 

. 
The responsivity of  a l l  the  barium titanate 

No 
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The t r ig lyc ine  sulfate  sample measured showed a larger  re- 

sponsivity a t  15cps--200 volts/watt . The noise voltage measured on 

this sample was somewhat la rger  than with barium t i t ana te ,  with the 

r e s u l t  that the NEP of t r iglycine sulfate  w a s  only moderately be t te r  

than BaTiOj. It i s  no t  c lear  why excess noise attends TGS crystals ,  

and it w i l l  be informative to study such c rys t a l s  that have been 

cloven careful ly  and poled as completely as possible. 

TemDerature Deuendence of  NEP 

The apparatus of Figure 9 was used t o  study the  e f f ec t s  o f  

elevated temperatures on the  

In addi t ion t o  the  apparatus of Figure 9, an X-Y recorder was employed 

with the  thermocouple output providing the  X-drive and the  tunable 

voltmeter output supplying the Y-drive. With a f ixed bandwidth of 

the  f i l t e r  and a f ixed radiat ion in tens i ty  incident on the  crystal ,  

the  temperature of  the c rys t a l  was increased very slowly. 

abscissa of the resu l t ing  curves a re  d i rec t ly  proportional t o  the 

de t ec t iv i ty  of the c rys t a l  (detect ivi ty  = 1/NEp) 

a measurement with sample Sa-O-lOA i s  shown i n  Figure 12. 

the de tec t iv i ty  de te r iora tes  monotonically a s  the temperature ap- 

proaches the  Curie point (120%) . 
of the Curie temperature i s  due t o  rapidly moving polar izat ion do- 

mains which become unbound near the t rans i t ion  and disappear above 

the Curie point. 

of BaTI03 single c rys t a l  detectors. 

The 

The r e s u l t  of sueh 

Note that 

The noise indicated i n  the region 

. 



The same measurement procedure was carr ied out again on the 

sa te  c r y s t a l  (after re-poling it) ~ except t h a t  the preanplifiey was 

rerioved from the c i r cu i t ,  

with a capacitive input ( C - 5 G  ~ f ) ~  

the crystal i s  now t h a t  of the  input  t o  the  quie t  amplifier,  about 

2 megohms: r e s i s t i ve ,  

Figure 13. Xote tha t  the abscissa of the curves of Figures 12 and 

I? are n o t  t o  t h e  sane s:als, 

The p rea ip l i f l e r  i s  a f i e l d  e f f e c t  t rans is tor  

The external impedanoe seen by 

The r e s u l t s  of t h i s  rrocedure a re  shown i n  

I t  is inportant t o  pcint out t h a t  the  noise voltage was measured 

from ambient t o  the Curie temperature and found t o  be essel i t ia l ly  con- 

s t an t ,  SO t ha t  it i s  t rue tha t  the s igna l  voltage recorded i s  pro- 

po r-t i onal  t o  t lie cl e t e c t 1 v i  t y  e 

To inzerpret  the resul ts  of these measurements, r e c a l l  the 

equivalent c i r c u i t  o f  t he  c rys t a l  and the  external  impedance Ze i n to  

which it i s  comected (see Figure 14). Considering first the  case 

shown i n  Figure 13, where the external  impedance i s  8 megohms, t he  

resistance of  the c rys t a l  % i s  la rge  compared t o  the external  im- 

pedance, 

(because the l o s s  tangent of BaTiO3 increases as the C u r i e  point i s  

approached), the drop across the external  impedance i s  e s sen t i a l ly  

deyendent on the  current generated, 

the cu.rrent i s  proportional t o  dPs/dT, the slope of the spontaneous 

: -olar izat ion vse temperature CUTVGS of f igure  15, the signal shown 

Even though & i s  decreased with increasing temperature 

As stated earlier, 
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20 40 60 80 100 120 T .C 

Figure 12. Signal voltage out of pyroelectric detector 
vs. temperature using capacitive input to  
preamplifier. 

Figure 13. Signal voltage out of pyroelectric detector 
vs. temperature using resistive input to 
preamplifier, 
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Figure 14. Equivalent circuit of pyroelectric 
detector connected to an external 
impedance. 

Figure 1 5 0  Spontaneous polarization VS. 
temperature for a typical 
pyroelectric material. 



i n  Figure 13 should increase a s  the Curie point i s  approached due t o  

the  increased slope of dPs/dT, 

In  the case where the external impedance i s  capacitive, the 

impedance i s  large f o r  low nodulation frequencies and i s  therefore 

comparable t o  €$ Thus when & is decreased as the Curie point i s  

approached, l e s s  and l e s s  of the current generated i n  the c rys t a l  

i s  observed as a voltage drop across the preamplifier terminals. 

i s  observed i n  the curve of Figure 12. 

This 

Unfortunately, the NEF' measured with the r e s i s t i ve  input 

amplifier i s  an order of nagnitude greater (worse) than with the 

t r a n s i s t o r  preamplifier, so that nothing i s  gzined by elevating the 

sample t o  temperaturtsnear the Cur i e  point (or ,  more pract ical ly ,  

u t i l i z i n g  a material whose Curie point i s  only s l i g h t l y  above room 

temperature). 

20 percent improvement i s  obtained i n  the  bes t  case, and such im- 

provement i s  cer ta in ly  overshadowed by the  prospect of room tempera- 

ture operation. 

It i s  seen from f igure  13 however, t h a t  no more than 

ResDonse Time Measurements 

Near the end of t h i s  reporting period, some br ie f  measurements 

of response time were made using a BaTi03 single crystal .  

t i m e  was determined as the time required f o r  a square wave modulated 

incident  beam t o  reach 90 percent of maximum output signal.  

oscilloscope w a s  used t o  measure the response t i m e  of a BaTi03 

Response 

A n  
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crystal ,  which was fed through a t r ans i s to r  prezmplifier,  To iiisure 

the chopped radiation r i s e  time tvas suf f ic ien t iy  small, a l a se r  beail 

vas focused t o  a very th in  beax and chcppcd wi th  a wheel vhose edzes 

were honed, 

the pulses fron a photomultiplier tube, 

The speed of t h e  chopplng was measured! Qv. obsembng 

The r i s e  time of the chopped 

radiation was found t o  be about 2 microseconds., 

Various resis tsnces  were placed i n  pc ra l l e l  with the input of 

the ;rcaiyliEier and response time vas measured i n  each caseo O f  

course? the output of  the  p rempl i f i e r  w a s  reduced as smaller re- 

sistances were used u n t i l  no signal could be distinguished when a 

0,l megohm res i s to r  was used, The tab le  below shows the r i s e  time 

measured €or typ ica l  resistances$ 

TABLE I11 

RISE TIMES MEASURED ON BaTI03 SINGLE CRYSTALS 

Resistance i n  Pa ra l l e l  
w i t h  Transistor Preaap 

306  Meg 

1,O Meg 

Rise T i m e  
(90%) 

3,O msec 

L O  msec 

0,5 Meg 0,5 msec 
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CONCLUSIONS AN'D RECOI4!~ZNDATIONS 

The resu1t.s o f  the first phase o f  t h i s  program perm2t several  

conclusions, a t h d a t s  cer ta in  conjectures, and d e m d  t h a t  a t ten t ion  

be cal led t o  cer ta in  possible applications f o r  pyroelectric detectors, 

The course of the first phase has been that of u t i l i z i n g  the 

b e t t e r  known pyroelectric materials t o  determine an accurate ana ly t ica l  

model of the  detector,  w h i l e  experimental r e su l t s  have j u s t i f i e d  the 

models proposed and have provided a basis from which t o  exploi t  new 

and improved materials f o r  specif ic  applications and general improve- 

ment of the pyroelectr ic  detector technique, - 
SUMMARY OF RESULTS 

It has been demonstrated that pyroelectric detectors  can be 

accurately characterized by the equivalent c i r c u i t  shown i n  Section 

4.1 and that the  parameters of t he  materials can be re la ted  d i r ec t ly  

t o  the detector  character is t ics .  Measurements indicate  t h a t  the 

BaTiO3 crystalsseveral. millimeters th ick  are capable of achieving 

NEF' of about loog watt/cpsT, 

(0.032 cm2), this corresponds t o  a detect ivi ty  D+507.  

seen i n  the succeeding sections that such a detector i s  useful,  by 

v i r tue  of its attendent character is t ics  ( s m a l l  size, broad frequency 

range, speed of response, etc,). However, it i s  desirable t h a t  pyro- 

e l e c t r i c  detectors  f u l f i l l  a more general need, f o r  which grea te r  de- 

t e c t i v i t y  i s  necessary. 

1 
For the area of the c rys t a l s  measured 

It w i l l  be 

Searches of the l i t e r a t u r e  indicate  that a 



detector with broad radiat ion frequency response, with IF greater  

than 109, and having moderate response time would be superior t o  

present uncooled detectors i n  regions above 6 microns and superior 

t o  any operating a t  l iqu id  nitrogen temperatures (77%) i n  regions 

above 12 microns. 

The goal t ha t  has been chosen f o r  purposes of calculations 

An ea r l i e r  section Included a discussion of the re- is D* = 3 x 109, 

quirements of materials and t h e i r  processing f o r  achieving such a 

goal. 

duction of D’f w i l l  permit f a s t e r  response, 

A concomitant goal f o r  response t i m e  i s  1,O msec, though re- 

It i s  c lear  t h a t  pyroelectric detectors a re  capable o f  the 

broad frequencv response charac te r i s t ic  of thermal detectors,  and 

it i s  reasonable t o  assume t h a t  extremely small detectors can be 

fabricated as the need arises, 

detectors is  simple and standard, 

these detectors a t  the expense of detect ivi ty .  

BaTi03 w i l l  be capable of operation when exposed t o  constant radiat ion 

in tens i t ies  of about 3 watts/cm2, and those materials with higher 

Curie points (e,go7 PbTi03) will be capable of withstanding cw in- 

t ens i t i e s  of 10 watts/cm2 o r  more. Such detectors w i l l  be useful i n  

the  instrumentation of  high energy pulse sources o f  radiat ion (e.g,, 

lasers), f o r  i n  those cases the average power per u n i t  area incident 

on the detector c rys ta l  can be diminished by control o f  pulse width, 

The c i r cu i t ry  required t o  u t i l i z e  these 

Fast  response can be achieved i n  

Detectors made of  

28 



pulse r epe t i t i on  r a t e ,  and the re la t ive  areas of the pulsed beam 

and the  detector  element. 

APPLICATIONS OF THE PYROELECTRIC TECIINIQUE 

The features  of the  pyroelectric technique t h a t  s e t  it apart  

from more conventional methods are  i t s  r e l a t ive  independence of wave- 

length of rzdiation, ambient temperature operation, small physical 

s i z e ,  md the r e l a t ive ly  short  response time compared t o  other broad- 

band detectors. Assuming t h a t  the suggested goals of the next phase 

of this program are achieved o r  closely approached, the  pyroelectric 

detector  will f ind  extensive use i n  the f a r  infrared region. 

appropriate t o  point out that i n  the near I R  region (up t o  5 microns), 

t he  requirements of  most applications w i l l  be m e t  most ea s i ly  by 

quantum detectors,  and when cryogenic operation i s  permitted, quantum 

detectors  can be extended somewhat fur ther  i n t o  the infrared region 

with superior charac te r i s t ics .  

here a re  r e s t r i c t ed  t o  those cases i n  which the pyroelectric detector 

may be expected t o  excel. 

It i s  

Therefore, the applications considered 

S w c i f i c  Amlicat ions 

The pyroelectr ic  detector  has been found t o  be of considerable 

i n t e r e s t  f o r  use i n  cer ta in  spec i f ic  applications, and i n  many cases 

it w a s  found t o  be uniquely adapted t o  several  measurement problems 

of immediate in t e re s t ,  

Measurements of temperature change i n  the v i c i n i t y  of shock 

tube models appear t o  be a problem especially sui ted t o  pyl.oe1ectri.c 
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detectors,  Changes of temperature of about 50°C occur behind shock 

xodel heads i n  periods of  t i ne  of the order of  huqdreds of microsecondso 

Small: fast response detectors will permit measurement o f  the tempepa- 

ture  change a t  several  posit ions around the head simultaneously. 

shock tube technique requires destruction of the detector element; 

t h i s  implies the  des i r ab i l i t y  of  simple, re la t ive ly  inexpensive de- 

tec tor  elementso 

t h a t  simultaneously s a t i s f y  a l l  these requirements, 

The 

Pyroelectric detectors seem t o  be the only detectors 

The measurement of temperature i n  continuous-flow wind tunnels 

requires the inser t ion  o f  a detector i n t o  the airstream f o r  suf f ic ien t ly  

short  periods t h a t  laminar flow i s  not appreciably disturbed, 

temperature measured by such a detector i s  referred t o  as the "jerk 

temperature", 

thermal sensor, and the pyroelectric detector  w i l l  meet a l l  these re- 

quirement s , 

The 

The requirement here i s  f o r  a small, fast  response, 

The measurement o f  the spacial  p rof i les  of l a s e r  beams t h a t  

a r e  contained over great distances has apparently been a problem due 

t o  the s ize  (and therefore resolution) of ordinary detectors,  

l inear  array of p p o e l e c t r i c  detectors has been suggested as a means 

of  accomplishing such measurementso Neither s ens i t i v i ty  nor speed of 

response appesrs t o  be of par t icu lar  consequence i n  this application. 

A simple 

Laser instrumentation applications include time prof i les  of 

l a se r  pulses obtained by use of pyroelectric techniques, 

C P S ~ S ,  the Fyroelectric technique i s  applicable t o  the opt ical ,  near 
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IR? and far IR regions. Sensi t ivi ty  i s  not c r i t i c a l  i n  detecting 

pulsed l a s e r  beams and de tec t iv i t i e s  of the  order of LP = lo5 are  

suff ic ient .  Response times f o r  such application, however, should not 

exceed 0.1 microsecond. 

The capabi l i ty  of response t o  microwave and submillimeter wave 

signals i n  a small thermal element i s  a requirement of groups studying 

focused beam antenna patterns. Unsuccessful attempts t o  resolve the 

focal  point of the  microwave beam have pofnted up the requirement of  

a small  detector with a wide dynamic range. 

Sperry's laborator ies  have indicated that pyroelectric detectors may 

provide the means of solving this problem. 

Low Wavelexth Amlicationg 

Measurements made i n  

The capabi l i t i es  of pyroelectrics i n  the long wavelength 

region of the f a r  infrared w i l l  f ind  use i n  several  areas: horizon 

sensing, infrared imaging, submillimeter wave detection, microwave 

monitoring, and a group of specialized applications that includes 

measurement of planetary temperatures, temperature d is t r ibu t ion  

studies,  and medical diagnostic techniques. 

Current horizon sensors u t i l i z e  thermal detectors t o  take 

advantage of the en t i r e  spectrum o f  radiation from planetary bodies. 

The rea l iza t ion  of pyroelectric detectors with F = 3 x lo9 w i l l  

provide the  most sensi t ive wide range sensor available,  capable of 

u t i l i z i n g  present scan systems that scan 20 times per second. 



Infrared imaging and the u t i l i z a t i o n  of infrared detector 

arrays have been confroiited with several  problems: the  cooling o f  

arrays and imaging mosaics i s  nearly impossible i n  operational 

systems; physical s i ze  of arrays (and therefore of each detector 

element) must be kept small; obtaining matched elements i n  arrays 

is  prohibitively expensive and time-consuming. 

coupled with the apparent trend toward operation of  imaging devices 

i n t o  the fa r  infrared region suggest 

s m a l l  s i zep  ambient temperature operation, and long wavelength capa- 

b i l i t i e s  of pyroelectric detectors i n  t h i s  areao 

These problems, 

the poss ib i l i ty  of using the 

The microwave and submillimeter wave industry have exhibited 

a tendency t o  pursue the regions of  higher and higher frequencies 

i n  an e f f o r t  t o  bridge the gap between infrared and microwave tech- 

nologies, 

detectors w i l l  f i l l  t h i s  pressing need as such studies progress. 

Sensitive pyroelectric detectors  i n  the form of laboratory 

RECOMMENDATIONS 

In  view of  the presently exis t ing needs f o r  a sensi t ive,  

broadband detector i n  the far  infrared and suhmillimeter wave regions, 

and i n  ant ic ipat ion of even more serious needs as the  electromagnetic 

spectrum i s  more completely u t i l i zed ,  it appears especial ly  desirable 

t o  develop the pyroelectric detection technique t o  i t s  f u l l e s t  ex- 

tent.  

be l i s t ed  as fol lows:  

The qua l i t i e s  which a re  of par t icu lar  i n t e re s t ,  it seems, can 
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Broad spac t ra l  response 

Detectivity =l x 10 9 

Small physical s ize  
Fast  response time 
Reproducibility 

It i s  recommended t h a t  these objectives be pursued by the 

following routes: 

1) Materials research and improvement 

2) Theoretical studies of f'undamental properties of 
pyroelectr ic  materials 

3)  

4) 

Improved processing, mounting, electroding, et@. 

Improved c i r cu i t ry  t o  u t i l i z e  the pyroelectric 
properties. 

The parameters affect ing pyroelectric charac te r i s t ics  have been 

demonstrated. Signif icant  improvements can be expected from a thorough 

invest igat ion of materials properties as they a re  known t o  e x i s t  and 

of the means by which they can be improved through doping, growth 

techniques, and poling. Such s tudies  are first i n  order of  necessity 

t o  accomplish the goals of this and similar detector programs. 

A para l l e l  study of fundamental processes t h a t  contribute t o  

the  parameters t h a t  govern pyroelectric phenomena i s  strongly recom- 

mended. I n  par t icular ,  the contribution of impurity and l a t t i c e  

defects  t o  the loss character of pyroelectric materials,  and the  in- 

fluence of domain dynamics on the pyroelectric eff ic iency are  of 

especial  i n t e r e s t  i n  view of the observation of "hot spotstt i n  ma- 

t e r i a l s  during the course of this phase of the program. 
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The processing of materials f o r  use as pyroelectric detectors 

is ,  of course, a necessary requirement f o r  t h e i r  effect ive u t i l i za t ion .  

Poling, mounting, electroding, miniaturization, t h in  film deposition 

of pyroelectric material ,  and shielding are  some of  the arezswhich 

must be pursued i n  conjunction with the  materials studies. 

c i rcu i t ry  must continue t o  be developed f o r  the detector as the more 

fundamental studies are  pursued. 

Effective 
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APPENDIX A 

SOLUTION OF HEAT EQUATION FOR SINUSOIDAL MODULATION 

If the primary loss of  heat from the sample i s  by conduction 

t o  i t s  surroundings, the rate of heat loss will be proportional t o  

the difference i n  temperature !P between the sample and i t s  environ- 

ment. Thus one may write 

where 

c P 

p 

i s  the spec i f ic  heat of the sample under constant pressure, 

is the density of the sample, 

a is the f r ac t ion  of incident energy absorbed, 

I is  the in t ens i ty  of radiation incident upon the sample, 

BA i s  the effect ive t h e m 1  conductance, 

A i s  the area of  the sample. 

It i s  now assumed t h a t  the in tens i ty  i s  modulated such that 

I = I, (1 - e ju t )  9 2 
where only the r e a l  pa r t  is physically meaningf'ul, Subst i tut ing 

equation (2) i n to  equation (1) and solving gives 
\ 
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From equation ( 3 ) ,  the time varying steady-state solution is 
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APPENDIX B 

T*(t) FOR SQUARE WAVE MODULATION 

where 

The d i f f e ren t i a l  equation being used t o  approximate T*(t) i s  

- dW + I ( t )  (1) 
d t  

Le t  I ( t )  be given by 

I, f o r  o < t <  772 

I(%) = o f o r  T/2<t< f ( 2) i I(t) = I ( t  -7) f o r  r< t, 
Using equation (2) and solving equation (1) by Laplace transforms 

gives the  following results. 

T*(t) = T,*(t) t Tt*(t) (3) 

where T,*(t) represents the  steady s t a t e  solut ion and T f ( t )  represents 

the  t rans ien t  solution. The exp l i c i t  form of the two i s  



It should be noted t h a t  the average value of  Ts*(t) is 

T,* = 

A typical plot  of T*(t) vs 

o.Io - 
2B 

iI, 
- 0  

2B 

t i s  given below, 

f 

- 
t 
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APPElJDIX C 

SIGNAL VOLTAGE FOR SQUAFZ WAVE 14ODULATION 

Consider the  current generator representation f o r  the equiva- 

l e n t  c i r c u i t  (see Figure) and assume a capacitive external impedance 

as i l l u s t r a t e d ,  

I, 1 P L  * I m I 

Then 

9 
dvb 

ce dT i = -VsGe - 
and from equation (1) of Section hO1 and equation (1) above, one 

obtains 

GV, + (CVs t APs) = 0, d+, 

where 

G = Ge t G, = 1/R 

c = ce + C,O 

E l  



Equation (2) can be written in the form 

Using the fact that 

dl? - dT 
dt dt 
- -  - 

for constant ambient tempeFature, and differentiating l? (t) as given 

in Appendix A, the result can be substituted into equation (4) .  Solving 

the resulting equation by Laplace transforms gives 

VJt) = Vss(t) + V&) ( 5 )  

where V,, and Vst are the steady-state and transient solutions re- 

spectively and are given by 

If it is assumed that B = 0 and RC)) 7 then one obtains 

c-2 



From equation (9), the maximum value of Vss(t) is  given by 

where the period-f has been expressed i n  terms of the angular f re -  

quency, i.e., 

T = 2TT/d. ( 11) 
This i s  t o  be compared with Vo f o r  sinusoidal modulation under similar 

res t ruct ions,  

Typical wave forms a s  given by equation (6) were depicted i n  Figure 4 

of the tex t ,  

NASA-Langley. 1964 CR-44 


